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THE EFFECT OF MICROSTRUCTURE ON HYDROGEN EMBRITTLEMENT 
OF THE NICKEL- BASE SUPERALLOY, UDIMET 700 
by Hugh R. Gray 

National Aeronautics and Space Administration 
Lewis Research Center 
Cleveland, Ohio 44135 

ABSTRACT 

Material from a single heat of cast and wrought Udimet 700 was processed and/or 
heat treated to produce five material conditions with identical chemical compositions 
but with distinct microstructural variations, and then evaluated for susceptibility 
to hydrogen embrittlement. Two prealloyed powder conditions exhibited significantly 
improved resistance to hydrogen embrittlement, as compared to wrought material. 

No degradation in notch or smooth tensile strengths occurred, and average ductilities 
of 25 percent reduction of area were determined for 2 hydrogen evaluation proce- 
dures. For the most severe hydrogenation procedure, ductility levels were reduced 
to 15 percent. These improvements were attributed to cleaner grain boundaries 
and decreased grain size. 


SUMMARY 

Material from a single heat of wrought Udimet 700 was processed and/or heat 
treated to produce five material conditions with identical chemical compositions 
but with distinct microstructural variations. Specifically, the alloy was evaluated 
in three wrought forms - standard heat treatment, modified heat treatment, and 
standard heat treatment plus an intermediate cold working step. The alloy was 
also evaluated in two extruded from atomized powder forms - standard heat 
treatment, and a '’yo-yo" heat treatment. These materials were then subjected 
to baseline tensile (smooth and notched) testing in air or argon at 23° and 675° C 
and to three hydrogen evaluation procedures - tensile testing in 3. 5 MN/m hydro- 
gen; exposure in 0. 1 MN/ m^ hydrogen at 675° C for 100 hours followed by tensile 

testing in air; and exposure in 3. 5 MN/m^ hydrogen at 675° C for 100 hours at a 

o 

creep stress of 690 MN/m , followed by tensile testing in air. 

Both of the Udimet 700 powder conditions exhibited significantly improved 
resistance to hydrogen embrittlement. No degradation in notch or smooth tensile 
strengths occurred, and average ductilities of about 25 percent reduction of area 
were determined for 2 of the 3 hydrogen evaluation procedures studied. For the 
most severe hydrogenation procedure ductility levels were reduced from approx- 
imately 28 to 15 percent. This improved tolerance for hydrogen is attributed to 
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finer grain size and cleaner grain boundaries. In addition the susceptibility of 
wrought Udimet 700 to embrittlement could be improved by either cold working 
or by eliminating the carbide precipitation heat treatment step. 

By proper consideration of such microstructural features, it is suggested 
that nickel- base superalloys with tailored microstructures may orovide reliable 
service in hydrogen environments. 

These test results provide further evidence that Hydrogen Environment Embrittle- 
ment and Internal Reversible Hydrogen Embrittlement occur by the same mechanism. 
They differ only with respect to the initial location and supply of hydrogen, and its 
rate of delivery to and extent of trapping at critical microstructural features. 


INTRODUCTION 

Previous investigations (refs. 1 and 2) have demonstrated that wrought Udimet 

700 (registered Trademark, Special Metals Corporation) is extremely sensitive 

to hydrogen embrittlement, as are other nickel-base superalloys used for high 

temperature structural applications (refs. 3 to 5). For example, when tested in 
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gaseous hydrogen at 31 to 52 MN/m pressure, Udimet 700 exhibited a notch tensile 

o 

strength at room temperature of 970 MN/m and a reduction of area of 7 percent, 
compared with baseline values in air of 1470 MN/m and 17 percent respectively, 
see figure 1. It is also evident from this figure that the alloy's susceptibility to 
hydrogen embrittlement extends over a very wide temperature range, 23° to 700° C. 

Udimet 700 is also substantially embrittled at room temperature at a hydrogen 
pressure of only 3. 5 MN/m (ref. 2). Specifically, as shown in figure 2, the notch 
tensile strength of wrought Udimet 700 in two heat treated conditions is reduced from 
approximately 1600 MN/m to 800 MN/m when tested in hydrogen. Material heat 
treated in the standard Udimet 700 manner and that given both the standard and 
"yo-yo" (refers to sequence of heat treating steps, see table I) heat treatments were 
embrittled to similar levels. The effect of this combined heat treatment on Udimet 
700 was evaluated because Astroloy, an alloy very similar to Udimet 700 but with 
a "yo-yo" heat treatment had been shown to be quite resistant to hydrogen embrittle- 
ment (refs. 2 and 3). 

Predominately intergranular fracture modes have been observed previously for 
hydrogen embrittled Udimet 700 as well as other nickel-base superalloys. The ob- 
jective of this current investigation was to determine the effect of altered grain 
size and distribution of grain boundary phases and impurities on the susceptibility 
of Udimet 700 to hydrogen embrittlement. 

Material from a single heat of wrought Udimet 700 was processed and/or heat 
treated to produce five material conditions with identical chemical compositions 
but with distinct microstructural variations. These material conditions were in- 
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tended to be appropriate for real structural applications. Specifically, the alloy 
was evaluated in three cast plus wrought forms - standard heat treatment, mod- 
ified heat treatment, and standard heat treatment plus an Intermediate cold working 
step. The alloy was also evaluated in two extruded from atomized powder forms - 
standard heat treatment, and a "yo-yo ’• heat treatment. 

These five material conditions were then subjected to baseline smooth and 
notched tensile tests in air or argon at 23° and 675° C and to three different hydro- 
gen evaluation procedures - tensile testing in 3.5 MN/m^ hydrogen gas; exposure 
in 0. 1 MN/m hydrogen at 675° C for 100 hours, followed by tensile testing in air; 
and exposure in 3. 5 MN/m^ hydrogen at 675° C for 100 hours with an applied creep 
stress of 690 MN/m , followed by tensile testing in air. These three hydrogenation 
procedures were selected to span a spectrum of potential service applications. 
Relative susceptibility of these five material conditions to embrittlement by hydrogen 
was correlated with various microstructural features by conventional light, scanning 
and replica electron microscopy. 

MATERIALS, SPECIMENS, AND PROCEDURES 
Materials 


The Udimet 700 material conditions, heat treatments, and resultant micro- 
structural features evaluated in this investigation are listed in table I. 

Material conditions 1, 2, and 3 . - This 1 . 9- cm- diameter hot- rolled bar stock, 
from the same heat used in a previous investigation (ref. 2), was received in a 
partially heat treated condition (1175° C/4 hr + 1080° C/4 hr). It was then given 
the two remaining aging treatments, as per standard wrought Udimet 700 procedures 
(ref. 6). This material will hereafter be referred to as condition 1. An additional 
lot of this as- received bar stock was given only the 760° C aging treatment (con- 
dition 2). A third lot of as- received stock was swaged at room temperature in sev- 
eral successive reductions to achieve a total of 50 percent reduction of area, followed 
by the remaining two standard aging treatments (condition 3). 

Material conditions 4 and 5 . - Additional as- received bar stock from the same 
heat was vacuum remelted by a commercial vendor, argon atomized, separated 
into +100 and -100 mesh lots, and stored under argon. The -100 mesh (<150 pm 
diameter) powder was canned under vacuum in type 304 stainless steel cans (16 cm 
in length and 7.6 cm in diameter). The electron-beam welded cans were preheated 
for 1 hour at 815 C and then heated for 1.5 hours at the extrusion temperature of 
1120 C. The cans were extruded at a reduction ratio of 16 to 1 through a die having 
a 90 included angle to a final diameter of 1. 9 centimeters, with the diameter of the 
Udimet 700 core approximately 1 . 1 centimeters, borne of these extruded bars were 
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then heat treated according to the standard Udimet 700 procedure described above 
and some to a "yo-yo'* procedure (ref. 7), see table I. These materials will here- 
after be referred to as conditions 4 and 5, respectively. 

Compositions. - The chemical compositions of both the wrought bar stock and 
the extruded powder product were determined by arc emission spectroscopy (ref. 8). 
These results are given in table O, together with the nominal specification range 
(ref. 6) and vendor certified analysis of Udimet 700. The composition of the 
wrought bar stock agrees well with that reported by the vendor, with the unexplained 
exception of A1 and Mo, both of which were determined to be greater than the ven- 
dor’s results and with A1 greater than the specification maximum. 

Of more significance to this investigation, however, is the excellent agreement 
of analyses between the wrought (conditions 1, 2, and 3) and extruded powder (con- 
ditions 4 and 5) materials. No significant changes in major alloying elements re- 
sulted during atomization or consolidation. While the nitrogen and oxygen levels 
of the extended powder product increased by approximately 20 and 75 ppm respec- 
tively, the resulting levels are typical of high quality atomization procedures. 

Specimens 

The smooth and notched specimens used in this investigation are shown in 
figures 3(a) and (b>, respectively. The full size specimens were used for material 
conditions 1 and 2, while the slightly smaller specimens (values shown parenthet- 
ic ally for threaded ends and gage diameters) were used for the smaller diameter 
bar stock of material conditions 3, 4, and 5. Specimens were machined from fully 
heat treated stock and were inspected by both X-ray and dye penetrant techniques. 

Procedures 

The three evaluation procedures used in this investigation are summarized in 

tabic III. The following sections of this report describe in detail these evaluation 
procedu res. 

Evaluation procedure A. - One series of both smooth and notched specimens 
was tensile tested at 23° C and 675° C at a crosshead speed of 0. 13 cm/min in 
3.5 MN/m“ hydrogen gas by Pratt & Whitney Aircraft, West Palm Beach. Florida. 

A multi-step purge and pressurization procedure was used to assure oxygon con- 
tamination levels of less than 1 ppm (for details see refs. 2 and 3). Baseline ten- 
sile testing was performed at Lewis at 23° C and 675° C at a crosshead speed of 
0. 13 cm/min in ambient pressure air. The results of all of these tensile tests 
are listed table IV. together with post-test hydrogen analyses of selected speci- 
ments which will be discussed later in this report. 


Evaluation procedure B . - Another series of both smooth and notched specimens 
was exposed in hydrogen at 0. 1 MN/ m 2 pressure at 675° C for 100 hours. After this 
exposure the tensile properties of the materials were determined at 23° and 675° C 
in ambient pressure air at a crosshead speed of 0.13 cm/ min. Baseline specimens 
were subjected to a similar thermal exposure in argon and then tensile tested as 
described above. All of these exposures and tensile tests were conducted at 
Lewis. Test results and hydrogen analyses are listed in table V. 

Evaluation procedure C . - A final series of smooth specimens was creep- 
exposed in hydrogen at 3.5 MN/m 2 pressure at 675° C for 100- plus hours at an 

Q 

applied creep stress of 690 MN/m (at PWA - Florida). This exposure resulted 
in approximately 0.2 percent creep strain. After Oils exposure tensile properties 
were determined at 23° C in air. Baseline specimens were creep- exposed in 
ambient pressure air at 675 C for 100 hours at a stress of 690 MN/m . All 
exposures and tests except the hydrogen creep- exposures were conducted at 
Lewis and results are listed in table VI. 

Hydrogen analyses . - In addition to the hydrogen analyses reported in 
table II (0.6 ppm for all as- received material conditions), additional hydrogen 
analyses were performed on selected specimens after each of the three types of 
hydrogen evaluation procedures, see tables IV to VI. These tests were standard 
vacuum fusion analyses of a small sample (0.2 g) cut from adjacent to the fracture 
surface of tested specimens. 

Metallography . - Light microscopy and replica electron microscopy were used 
to examine all material conditions. Scanning electron microscopy was used to 
examine selected fracture morphologies. 

RESULTS AND DISCUSSION 


Tensile Properties 
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Notch tensile strength. - As discussed in the INTRODUCTION, tensile testing 
of sharply notched specimens has been a commonly used method of determining 
susceptibility of alloys to embrittlement in gaseous hydrogen. The notch tensile 
strengths of all five Udimet 700 material conditions were determined at room 
temperature and are shown in figure 4. The results of figure 4(a) were deter- 
mined in 3. 5 MN/ m“ hydrogen (evaluation procedure A, table IV), while those 
in figure 4(b) were determined on specimens exposed in hydrogen at 675° C and 
0.1 MN/m" pressure for 100 hours (evaluation procedure B, table V). 

beveral important observations can be made from these test results. First, 
Udimet 700 in its standard wrought and heat treated form (material condition 1) is 
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severely embrittled when tested in 3. 5 MN/rn gaseous hydrogen (evaluation pro- 
cedure A). Specifically, this material has a tensile strength of 1600 MN/m 2 in 
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air and only 1170 MN/ra in hydrogen. These results are comparable to those 
determined in previous investigations of this material, see both figures 1 and 2. 

Second, this same material condition did not show any degradation of notch 
tensile strength when tested after exposure in hydrogen at 675° C and 0. l MN/m 2 
pressure for 100 hours (evaluation procedure B), even though this exposure resulted 
in a twenty-fold increase in the analyzed hydrogen content (0.6 to 12 ppm) of the 
material, as will be discussed later in this report. 

Third, all four of the other material conditions in which Udlmet 700 was 
tested exhibited substantially greater resistance to embrittlement when tested in 
hydrogen (evaluation procedure A) than did the alloy in its standard condition. As 
shown in figure -1(a). the two powder conditions (*1 and 5) of the alloy appeared 
quite resistant to embrittlement, while the material with the modified heat treat- 
ment and the cold- worked material (conditions 2 and 3) exhibited slight reductions 
in notch tensile strength of 1 and 3 percent, respectively. Similarly, after ex- 
posure in hydrogen (evaluation procedure B), the powder conditions and the modified 
heat- treatment condition exhibited degradation of less than 2 percent, while the 
cold-worked material suffered a loss of about 10 percent in notch tensile strength, 
figure 4(b). 

It is apparent from the data in figure 4 that, with the exception of standard 
Udimet 700 tested in hydrogen, the other four material conditions investigated 
exhibited relatively small amounts of degradation in notch tensile strength at 23° C. 
Although not shown in any figure, none of the five material conditions exhibited re- 
ductions of notch tensile strength at 675° C of more than 3 percent, for either eval- 
uation procedure A or B (for substantiating test data, see tables IV and V). Hence, 
notch tensile strength results are not considered a sensitive enough criterion for 
determining the role of microstructural variables on sensitivity to hydrogen em- 
brittlement. 

Tensile reduction of area. - In an effort to discriminate the influence of hydro- 
gen on these various material conditions, the reduction of area values determined 
on smooth tensile specimens were evaluated and those determined at 23° C are shown 
in figure 5. It is evident from these data that reduction of area is indeed a sensitive 
criterion for determining the degree of hydrogen embrittlement among the five 
material conditions. For example, as shown in figure 5(a), for evaluation proce- 
dure A (testing in 3.5 MN/m“ hydrogen) reduction of areas ranged from 7 percent 
for material condition 1 to 26 percent for material condition 5. These levels 
represent losses of about 70 to 25 percent from baseline (air) ductility levels, 
respectively. Only the most severely embrittled material condition 1 exhibited 
a significant decrease in ultimate tensile strength (from 1400 to 1055 MN/m", see 
table IV). 
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Although not shown in a figure, tensile testing in hydrogen at 675° C indicated 
losses in ductility of 40 to 50 percent for material conditions 1, 2, and 3, whereas 
material condition 4 suffered a loss of only 10 percent, and condition 5 was not 
embrittled at all (see data in table IV). 

Similar effects were determined for these material conditions after exposure 
in hydrogen at 675° C and Q. 1 MN/m 2 pressure for 100 hours (evaluation proce- 
dure B), figure 5(b). Specifically, with the exception of the cold- worked material 
(condition 3), ductility levels ranged from 16 percent for material condition 1 to 
28 percent for material condition 5. These values represent losses of about 30 to 
3 percent from baseline (argon exposure) ductility levels, respectively. The cold 
worked material (condition 3) had relatively good resistance to embrittlement 
(8 percent R. of A.), although its baseline ductility level was quite low (9 percent 
It. of A.). None of the material conditions tested suffered any significant loss of 
ultimate tensile strength of 23° C, or tensile strength and ductility at 675° C. 

All five material conditions exhibited less severe embrittlement when tested 
in air after this exposure (evaluation procedure B) than they did when tensile tested 
directly in gaseous hydrogen (evaluation procedure A). These results demonstrate 
that such a hydrogen exposure is less deleterious to I'dlmet 700 than testing directly 
in hydrogen. 

However, when the hydrogen exposure at 675° C for 100 hours is conducted at 
a gas pressure of 3.5 MN/m" and a creep stress of 690 MN/m", all five material 
conditions tested exhibited severe embrittlement, see figure 5(c). Specific ally, 
reductions of area values ranged from 6 to 15 percent, which for all five material 
conditions represent losses of about 10 to 60 percent from baseline (n i r) ductility 
levels. In addition, material conditions 1, 2, and 4 also suffered losses in ulti- 
mate tensile strength at 23° C ranging from 5 to 10 percent (see table Yi). Material 
conditions 3 and 5 did not suffer significant losses in tensile strength. 

Based on the above discussion of mechanical property results, one can conclude 
that: the most severe hydrogenation evaluation procedure is the high pressure 
(3.5 MN/m") hydrogen creep- exposure at 675° C (C), the evaluation procedure with 
intermediate severity consists of tensile testing directly in high pressure hydrogen 
at 23° C (A); and the least severe hydrogenation evaluation procedure is the am- 

*> Q 

bient pressure (0. 1 MNV m“) hydrogen exposure at 675 C (B). 

Based on an overall evaluation, see table VII, of tensile strength and ductility 
results at both 23° and 675° C for all three hydrogenation conditions, t'dimet 700 
in material condition 5 exhibited the greatest resistance to embrittlement by hydro- 
gen. The overall ranking of the other I’dimet 700 material conditions, although 
not as clear cut as that of material condition 5, has been judged as follows: 
material condition 4, condition 2, cond'tion 3, and finally, the most susceptible. 
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standard Udlmet 700 material condition 1. The relationship beWeen these 
ZZ ^ the alloy mlcroutrueture. will he dl.cos.ed later In this report. 

Hydrogen Analyses 

Vaceum fusion chemical analyses were performed on selected teat , >^“ en!> 
after baseline exposures and after each of the three hydrogen -a^.lonP'-- 
, . to »«i of nine analyses were made of baseline (air or argo P° 

spectmeM^nmth 'wrought ^material cottdltten 1, 

Sill specimens. The average hydrogen content of these ™ 

0. 6 parts per million by weight (ppm) with specific an yses ran 

*'* Tmtsite^sUng dlremly'ln high pressure hydrogen ,evrfu.tl<m ptec^reA) 

- - oi r; f ;x rr;::x:r :rrr;. n 

mens. hpectfUa >. . ho , .id be considered equivalent to baseline analyses 

slightly below baselme values, should be cons ^ lt shouW b e 

within the range of experimental accuracy o y 

noted* that these analyses were conducted on small (0.2 g) samples cut from spec- 
ie gage sections adjacent to fracture surfsces. Hence, these analyses rep cw 
sent the average hydrogen content of the entire sample. 11 Is likely that j£ta_ 
hydiogeiTcencentrations at and Immediately below the specimen gage and tract 
surfaces are snbsutn.tally greater Ihan these bulk values, as has hewn demon- 
strated with an ion microanalyzer in a previous investigation tref. 9). 

Exposure in 0. 1 MN/m 2 hydrogen at 675° C for 100 hours (evaluate.,, proee 
dure B) resulted tn 20-fold Increases In hydrogen contents with f- ppm ^ogu, 
detected in each of the tour different material conditions ana.yset ise 

^posttre ta a. 5 MN/m" hydtogen a. 670° C for 100 hours at creep^.vss of 
690 MN/m 2 (evaluation procedure Cl resulted in 100-fold 

in hvdrocen contents tor all the material conditions analysed (see table \I). Both 

of these analysed hydrogen teve.s are in pmd agreement with 

conccntrali. based on permeability data tor too hours of exposure at 07 o l 

tltce apparent trom those analyses that, ,1> for a given hydrogenation 

condition all material conditions absorbed equivalent amounts of hydrogen and. 
therefore relative susceptibility to embrittlement can not be attributed to vatymg 
absorption rates, and ,2, the most severe evaluatton procedure 
100 -fold increase ia specimen hydrogen content, thi lias suit, i 
eixiure lib resulted in a 29-fold increase, while the intermediate sen, tty it.tlu., 
procedure ,A1 did no, result in any detectable Utereuse in bulk hydrogen content. 
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Microstructures and Fractography 

U di met 700 condition 1 . - The microstructure of the standard wrought Udimet 700 
stock used in the investigation (identical to that of ref. 2) is shown in figure 6. This 
material condition consists of large, equiaxed grains with numerous annealing twins 
and large intragranular carbide particles. The average grain size is A STM 2 
(range 0 to 4). The grain boundaries are lined with an almost continuous network 
of carbides, borides and massive gamma prime particles. The observable matrix 
gamma prime is present in a bimodal distribution with average diameters of 0.08 
and 0.35 pm. All of these mlcrostructural features are typical of those expected to 
be found in Udimet 700 alloy subjected to the standard heat treatment (refs. 1 and 
2) and are summarized in table I. 

Scanning electron fractographs of specimens after tensile testing at 23° C in 
air. in hydrogen (evaluation procedure A), and after hydrogen exposure (evaluation 
procedure C) are shown in figures 7(a) to (c), respectively. It is immediately 
evident from these figures that Udimet 700 in material condition 1 fractures in a 
predominately intergranular mode when tested in baseline air (fig. 7(a)), or after 
exposure in hydrogen (fig. 7(c)), and a totally intergranular mode when tested in 
hydrogen (fig. 7(b)). Subsurface intergranular cracking occurred to approximately 
the same extent in not only both of the hydrogenated specimens but also in the base- 
line specimen tested in air. The grain boundary structure that is evident at higher 
magnification also appears similar for all three conditions shown in figure 7. 

In summary other than a slight change from predominately to totally integranular 
fracture, no detectable differences were observed between specimens tested under 
baseline conditions and hydrogenated conditions. In addition, specimens tested 
in hydrogen and those exposed in hydrogen did not exhibit any significant fracto- 
graphic variations. This latter observation is important from a hydrogen embrittle 
ment mechanistic viewpoint, as will be discussed in the CONCLUDING REMARKS 
section of this report. 

Udimet 700 condition 2 . - As anticipated from the deliberate omission of the 
heat treating step at 845 C, the grain boundaries in Udimet 700 in material con- 
dition 2 are substantially cleaner than in condition 1, see figure 8. Specifically 
the almost continuous network of grain boundary carbides, borides and gamma ’ 
prime precipitates found in material condition 1 was virtually eliminated with the 
modified heat treatment given material condition 2. Only a few isolated, but mas- 
sive, grain boundary phases were found in this microstructure. All other micro- 
structural features, such as grain size, intragranular carbides, and bimodal gamma 
prime precipitate sizes appeared to be unchanged from those determined previously 
and discussed above for material condition 1. 
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rom the micrographs shown In figure 10. The initially equlaxed grains have he*. 
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magnification it Is apparent that the working process has deformed the large 

matrix gamma prime particles which had precipitated during the two heat treating 
steps prior te working. These deformed gamma prime precip^ “as 
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g arnet 700 condition 4 . . The overall grain size and morphology of powder 
amealTLduZ' 7 °° mOSt e , aS “ y discernable when examined in the solution 
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“mo« cld sola “ recrystallized powder metallurgy product after extrusion 
slight,! L * ““drtbig at 1175° c. This annealing temperature Is 
. . y * T* e Kamma prime solvus temperature of 1160° c for this material 
(determined experimentally by differential thermal analysis! 

The microstructure of the fully heat treated material is shown In figure 12(b) 
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tribution of carbon in the alloy. Although Auger Spectroscopy analyses were in- 



conclusive, it is also probable that such powder products have a more homogeneous 
distribution of impurities (poisons) such as P, Sh, S, and Sb which normally are 
preferentially segregated at grain boundaries of cast and wrought materials. 

A small amount of porosity is apparent in this material, see figures 12(a) and 
(b). This porosity is probably due to residual argon from the atomization process, 
rather than incomplete consolidation of the powder particles during extrusion. This 
conclusion is based on a separate heat treatment study on sings of die as-extruded 
powder product which demonstrated that the pore size increased as die solution 
annealing temperature was increased from 1105° to 1260° C. Such behavior is 
typical of normal quality, commercially atomized powder products. It is due to 
argon adsorbed on powder particles and is referred to as Thermally Induced 
Porosity (TIP). Although these voids are potential trapping sites for hydrogen, 
the results obtained in this investigation suggest that such voids do not play a 
major role in determining susceptibility to hydrogen embrittlement, as will be 
discussed in the CONCLUDING REMARKS section of this report. 

Fractographic examinations of specimens tested in air or in hydrogen indicated 
that fracture modes were similar in both environments, characterized by a ductile, 
dimple- like structure with full shear lips, see figure 13. Although such dimple- 
like features are normally characteristic of transgranular fractures, close ex- 
amination of the size and morphology suggests a primarily intergranular fracture 
mode along recrystallized grain boundaries. 

Udimet 700 condition 5 . - This material was solution annealed at 1105° C which 
is below the 11 '0° C gamma prime solvus temperature of this material. Conse- 
quently, the grain size is slightly smaller (AbTM number 11), see figure l-i(a), than 
that of material condition -1 (AbTM number 10). 

The microstructure of the fully heat treated material is shown in figure 1-1 <b) 
at intermediate magnification and in figure 1-1 (c) at high magnification. As evident 
from these figures this powder product material does not have either the large 
intragranular carbides or the continuous network of grain boundary carbide, boride 
and gamma prime phases that the standard wrought Udimet 700 had. An additional 
observation can be made from a comparison of the gamma prime morphologies of 
the powder product in the standard heat treated condition -i dig. 12(c)) and in the 
’’yo-yo” heat treated condition 5 (fig. l-i(c)). In the latter the gamma prime is 
more uniformly distributed, slightly smaller in size, and possibly slightly less 
coherent with the matrix (evidence by a rounded shape) th an in the former. Finer 
(refs. 2 and 10) and less coherent (ref. 11) gamma prime precipitates have been 
suggested as more effective trapping sites for normally embrittling hydrogen. 
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ih.> f r “ togr “ ph ‘ c exam * n ati°na o i specimens tested to air or to hydrogen indicated 

of a ductllT dZ l‘ nT" “ mU ‘ r ta b ° th envlronme " ls - ,l K“re 15, and consisted 
a ductile, dimple-like structnre with complete shear Ups. As discussed to 

-TTl i T ?* P r V ‘° US P ° Wder meta ‘ lurgy **» fracture mode is ap- 

parentty predominately Intergranular, as evidenced by the close correlaUon of tht 

fractographic features with the recrystaliized grain size. 


CONCLUDING REMARKS 


The obJactlvc of ““s Investigation, to determine the effect of microstructural 
the 6u8ce P ti bllity of Udimet 700 to hydrogen embrittlement, was ac- 
complished. Specifically, a stogie heat of Udimet 700 was thermomechanically 

taTw'tto dlsu Tr m " ter,aI COn<UUO " S Wlth ld “ t,cal compositions 

but with disttoct microstructural variations, and then evaluated for resistance to 

tL l A1 ‘ f0Ur m0< “ tled COndll, ° n6 waluated were more res.s- 

' , /‘ nt 0,1 Was the ba8eUne con ditlon, cast plus wrought Udimet 700 

rST T” CVal r“° n procedurcs - However, all material conditions still ' 
xhlblted some degree of hydrogen embritUement under the most severe hydrogen 
evaluation procedure. K 

Increased resistance to hydrogen embrittlement is attributed to decreased 
grain sire and cleaner grain boundaries. These microstructural features appear 
to exhibit major beneficial effects. U is also suggested that decreasing gamma 
prime precipitate size and a lower degree of gamma prime coherency may exert 

hirt iaI H ,teCtS ' “ ‘ S Pn>bl,ble tha ‘ ‘ heSe ' nlcrost ™‘‘‘™l features, as 
well as a higher dislocation density in the cold worked material, result to greater 

trapping of hydrogen because of increased toterfacial surface area. Trapped hy- 
drogen is not freely diffusable and thus nonembrlttltog. Hence, mlcrostruchiral 
features which Increase Internal, toterfacial surface area can reduce the amount 

:r:rrrr embri “ ,ref *- 5 ' u - ne 

of these traps is directly related to their respective hydrogen binding energy. 

e potential role of gram boundary poisons (P, S, Sn, Sb, . . .) could not be 
determined because of inconclusive Auger Spectroscopy analyses 

. 1 Tb “ e , re ‘ UltS 5180 suegMt “>•« Hydrogen Environment Embrittlement (HEE) 
temal Reversible Hydrogen Embrittlement (IRHE) (refs. 4 and 5) occur by 
die s. me mechanism, and differ only with respect to toe initial location and supply 

atructuTTf' rate ° f de “ Very 10 “ d extem ol tvaPPtng at critical micro 

todTcatod to , “I' r “ amPle ' 88 "“tod Previously, fractographic examinations 

tadlcated that specimens exhibited a similar fracture mode whether tested directly 

to gaseous hydrogen (Hydrogen Environment EmbritUement) or pro-exposed in 

ydrogen and then tested to air (Internal Reversible Hydrogen Embrittlement). 
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Furthermore, all live Udimet 700 material conditions were embrittled in the same 
relative order whether they were tested in hydrogen (HEE) or pre-exposed hydrogen 
and then tested in air (IRHE). The former hydrogen evaluation procedure did not 
result in any detectable increase in specimen hydrogen content, while the latter 
procedure resulted in 20- or 100-fold increases in specimen hydrogen content. In 
the former case gaseous hydrogen could be supplied continuously to a propagating 
crack tip, while in the latter case large amounts of hydrogen were distributed 
homogcmously throughout the specimen microstructure but only a limited amount 

° di£fuaable hyurogen near stress concentrations could participate in the 

embrittling process. 

Hydrogen Re**,*, Embrittlement (ref. 5), the formation of new phases within 
the mie restructure, such as methane or molecular hydrogen, was considered un- 
likely because no micros tructural evidence of such new phases was observed for 
any of the material or evaluation procedures. 

As mentioned in the INTRODUCTION the three hydrogenation procedures 

Zlm 1,1 inVesUgat ‘°" were t0 8 P an a spectrum of potential service 

conditions. These conditions ranged from a very short-time exposure with a pro- 

sumably high surface concentration but a sharp hydrogen gradient inside the speci- 
men and no detectable bulk increase in hydrogen content, to long-time exposures 
Utal resulted in homogeneous distributions of hydrogen within specimens to concen- 
tration levels expected from extended service in hydrogen environments at lower 
pressures, temperatures or purity levels. 

As also mentioned in the INTRODUCTION one of the self-imposed constraints 
in this investigation was the evaluation of only practical material conditions ap- 
propriate for real structural applications, as opposed to "model" system evalua- 
10 ns. In this regard the heat treatments and die cold working process studied are 
qtute conventional, and the prealloyed powder product is representative of a recent 
but practical, advancement in material processing. More Importantly the resultanl 
mechanical properties of these material conditions in air are certainly appropriate 
for many structural applications. For example, both of the powder products 
(material conditions 4 and 5) exhibited greater notch and smooth tensile strength 
and ductility than did the baseline condition 1 Udimet 700 alloy. While the ductility 
of material condition 3 xidthc strength of condition 2 are slightly below those 
levels of the baseline Udimet 700, these properties are certainly adequate for some 
structural applications. Obviously, other mechanical properties such as fatigue 
creep strength, rupture life and ductility should be evaluated, where appropriate 
or intended service uses. This is particularly important for high temperature 
applications where it is probable that the extremely fine grain siae of the powder 
products will limit use temperature capability to about 700° to 800° C. 
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It is important to note that both powder product conditions and the cold worked 
condition of Udlmet 700 had significantly greater strength levels than did the base- 
line, wrought condition, yet they were more resistant to hydrogen embrittlement. 
These results demonstrate that a commonly believed "rule of thumb," that higher 
strength materials are more susceptible to embrittlement than are lower strength 
materials, is not always valid (ref. 4). In fact there are now many investigations 
(refs. 3 to 5, 11 and 12). demonstrating that low strength materials can be severely 
embrittled, particularly in hydrogen gas, that continued acceptance of such a 
"rule of thumb" could result in catastrophic service failures. 

Micros tructural variables have been shown to play dramatic roles in deter- 
mining the susceptibility of Udimet 700 to hydrogen embrittlement. Cleaning up 
grain boundaries and decreasing grain size have major beneficial effects, while 
intragranular gamma prime size and morphology appear to have minor beneficial 
effects. By consideration of these microstructural features, it is suggested that 
nickel-base superalloys with specific microstructures may provide reliable ser- 
vice for some types of structural applications in hydrogen environments. 




p 1 
■hi 


n,| 

I 




SUMMARY OF RESULTS 

The objective of this Investigation was to alter the grain size and distribution 
of grain boundary phases and impurities by various thermomechanical processing 
steps in order to minimize the susceptibility of Udimet 700 to hydrogen embrittle- 
ment. Material from a single heat of wrought Udimet 700 was processed and/or 
heat treated to produce five material conditions with identical compositions but 
with distinct microstructural variations. The alloy was evaluated in three 
wrought forms - standard heat treatment, modified heat treatment, and standard 
heat treatment plus an intermediate cold working step. The alloy was also eval- 
uated in two extruded from atomized powder forms - standard heat treatment, 
and a "yo-yo" heat treatment. 

These five material conditions were then subjected to baseline smooth and 
notched tensile tests in air or argon at 23° and 675° C and to three hydrogenation 
procedures. Relative susceptibility of these five material conditions to embrittle- 
ment by hydrogen was correlated with various microstructural features by ap- 
propriate metallographic techniques. The following results were obtained: 

1. Both of the Udimet 700 powder products exhibited excellent resistance to 
embrittlement under the mild and intermediate severity hydrogenation procedures. 
No significant degradation was observed in notch or smooth tensile strengths, 
and ductilities averaged about 25 percent reduction of area. The ductility of 
these materials were reduced to about 15 percent reduction of the area when 
tested under the most severe hydrogen evaluation procedure. 
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2 . The high tolerance for hydrogen exhibited by these powder product materials 
is attributed to their fine grain sizes (ASTM 10 and 11) and clean, almost 
precipitate- free grain boundaries. In addition the baseline tensile strengths and 
ductility levels of these powder products in air were superior to the properties of 
the standard wrought Udimet 700. 

3. The powder product material given the ••yo-yo" heat treatment, which in- 
volved solution annealing below the material's gamma prime solvus, had slightly 
higher resistance to hydrogen embrittlement than did the material given the standard 
heat treatment. This increased resistance to embrittlement is attributed to a finer 
grain size (ASTM ll) and slightly finer, more uniform sized, and possibly less 
coherent intragranular gamma prime precipitates. 

4. The resistance to hydrogen embrittlement of wrought Udimet 700 could be 
substantially improved by cold working which resulted in deformed grains and 
gamma prime precipitates, and enhanced carbide precipitation on intragranular 
deformation bands and dislocation networks. This material condition was stronger 
but less ductile in air than the baseline standard Udimet 700 material. 

5. The resistance of wrought Udimet 700 was also improved by eliminating the 
carbide precipitation heat treating step from the standard heat treating schedule, 
thereby reducing the amounts of grain boundary phases. This material condition 

had a lower strength level but higher ductility in air than did the standard Udimet 700. 

6. Hydrogen analyses of fractured specimens indicated that, for a given hydro- 
genation procedure, all five material conditions absorbed identical amounts of hy- 
drogen. Hence, relative susceptibility to embrittlement cannot be attributed to 
varying absorption rates. Tensile testing directly in hydrogen diu not result in 
any detectable increase in hydrogen content, while the two hydrogen exposures 

at 675 C resulted in 20- and 100- fold increases (to 12 and 60 ppm), respectively. 

7. I he results of this study support the contention that Hydrogen Environment 
Embrittlement and Internal Reversible Hydrogen Embrittlement occur by the same 
mechanism, and differ only with respect to the initial location and supply of hydro- 
gen, and its rate of delivery to and extent of trapping at critical mierostructural 
features. 
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TABLE L - UPTMET 700 CONDITIONS, HEAT TREATMENTS, 


Material condition 


1 1* 9-cm-diara wrought bar 

(standard heat treatment) 


2 1. 9-cm-dlam wrought bar 

(modified heat treatment) 


3 Wrought bar swaged 50 per- 
cent to 1.3— cm-diam bar 
(standard heat treatment) 


Atomized powder, extruded 
to 1.1-cro-diam bar 
(standard heat treatment) 


Atomized powder, extruded 
to 1 . 1- cm-diam bar 
(yo-yo heat treatment) 


Heat treatment 


MENTS, AND microstructural featu res 

Average grain size | Grain bouniW,, I r„.. 


I Temperature, I Time, ASTM No 

I °C I hr 


rain size Grain boundary Intragran ular * 

Equiv. di,m, Cari5lde6aDd V size. 



0.08 and 0.35 


Large, 
numerous 
and almost 
continuous 


Large but 0.08 and 0.35 
scattered 


Large, 
numerous 
and almost 
continuous 


Small, few 
and 

scattered 

Small, few 
and 

scattered 



0.08 and 0.35 


0. 04 and 0.3 


Total ~35 v/o y, with varying proportions of each size. 


Material 

conditions 


Ladle 

analysis 

(wrought bar stock) 

Atomized 

powder 

Wrought 
(1, 2, and 3) 

Extruded 
powder 
(4 and 5) 


Source of 
analyses 


range 

Vendor 

certification 

Vendor 

certification 


TABLE n. - CDIMET 700 COMPOSITIONS 
Weight percent 


ppm 

(by weight) 


A1 

Ti 

Mo 

B 

Si 

Mn 

C 

3.75- 

2.75- 

4.S. 

0.025- 



0 ft*} 

4.75 

3.75 

6.0 

0.035 



V • VJ* 

0.10 

4.46 

3.38 

4.85 

0.027 

<0.1 

<0.1 

0.07 


29 90 — 


This investigation Bal. 0.14 13 9 ig a e Q « 0 

.14 13.9 18.9 5.9 3.2 6.1 <0.06 0. 01 <0. 001 0. 061 28 7 0.6 

This investigation Bal. 0.14 14 5 19 o a 1 

19.0 6.1 3.1 5.9 <0.06 0.01 <0.001 0.061 46 83 0.6 
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procedure 


TABLE III. - EVALUATION PROCEDURES 


Exposure at 67 5° C/lOO hr 


Tensile test atmosphere(s) 
and temperature(s) 


3.5 MN/m 2 hydrogen, 23° and 675° C 
Baseline in ambient air, 23° and 675° C 


0 , i MN/m** hydrogen 
Baseline in argon 


2 

3.5 MN/m hydrogen with creep 
stress, 690 MN/m" 

Baseline in air with creep stress, 
690 MN/m 2 


Ambient air, 23 C 


TABLE IV. - TEST RESULTS FOR SPECIMENS TENSILE TESTED IN HYDROGEN OR AIR 

(EVALUATION PROCEDURE A) 


Specimen 


Tensile test conditions 


Number Type Gas Pressure, Temperature, 

*•/ 2 o,. 


Tensile I Elongation, Reduction Hydrogen 

percent of area, I content, 

o I | percent 

MN/m" ksi 


UDIMET 700 - STANDARD HEAT TREATMENT (MATERIAL CONDITION 1) 


Notched 


0. 

1 

3. 

5 


1 


1 


l DIME! ,(*n - MOIHUKDUKAT TREATMENT (MAT ERIAL CONDITION 2) 


0.5, 0.5, 0.6 


29 

16 

29 

IS 

22 

25 

16 

1 5 
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TABLE IV. . Concluded. 




Specimm 


Number I 


Tensile test conditions 


Gas | Pressure, I Temperature, 


Tensile Elongation, Refection 
strength percent of area, 
TT percent 


MN/m 2 | kail 


Hydrogen 

content, 

ppm 


UXXKXT TOO - COLD WORKED AN D STAN DARD H EAT TREATMENT (MATERIAL CONDITION 3) 


Notched 

Air 

0.1 


Air 

.1 


"2 

3.5 


«2 

3.5 


«2 

3.5 


Air 

.1 


h 2 

3.5 

! ? 

h 2 

3.5 

Smooth 

Air 

.1 


Air 

.1 


H 2 

3.5 


Air 

.1 


' «2 

3.5 


H., 

3.5 





2105 

305 

— 

— 

2110 

306 

— 

— 

1965 

288 

— 

— 

2095 

304 

— 

— 

2035 

295 

— 

— 

1960 

284 

— 

— 

1995 

289 

— 

— 

1970 

286 

— 

— 

1870 

271 

6 

12 

1780 

258 

10 

15 

1830 

265 

6 

9 

1565 

227 

11 

22 

1570 

228 

6 

14 

1620 

235 

3 

9 


I’DIMET 700 - EXTRUDED POWDER- STANDARD HEAT TREATMENT (MATERIAL CONDITION 4) 


62 

Notched 

Air 

0.1 

23 

1615 

233 

69 



3.5 

23 

1620 

235 

90 


U 2 

3.5 

23 

1675 

243 

68 


Air 

.1 

675 

1625 

236 

70 


h 2 

3. 5 

675 

1595 

231 

63 

Smooth 

Air 

.1 

23 

1455 

211 

85 


Air 

.1 

23 

1525 

221 

64 


h 2 

3.5 

23 

1490 

216 

82 


Air 

.1 

675 

1235 

179 

81 


Air 

.1 

675 

1250 

181 

66 


«2 

3.5 

675 

1450 

210 


V DIMET 700 - EXTRUDED lOWDER-YOYO HEAT TREATMENT (MAT ERIAL CONDITION 5) 

I ZUZZ l Atr 1 (Ti I 23 I it o 1 255"! ~ I ™ I 0^8 


Notched 

Air 

0.1 

23 

17 .0 

255 

— 

— 


H 2 

3.5 

23 

1795 

260 

— 

— 


»2 

3.5 

23 

1725 

249 

— 

— 


Air 

. . 

675 

1635 

237 

— 

--- 


h 2 

3.5 

675 

1635 

237 

— 

— 

Smooth 

Air 

.1 

23 

1505 

218 

30 

36 


h 2 

3.5 

23 

1580 

229 

18 

26 


Air 

.1 

675 

1255 

182 

21 

24 



3.5 

675 

1325 

192 

22 

26 





TABLE V. - TEST RESULTS FOR SPECIMENS EXPOSED IN HYDROGEN OR ARGON, FOLLOWED BY TENSILE 


TESTING IN AIR (EVALUATION PROCEDURE B) 


SpecLm an 

Exposure condition* at 675° C 

Post-exposure tensile test In air 

Hydrogen 

Nuabti 

Type 

Gee 

Pressure, 

MN/m 2 

Tims, 

Temperature, 

Strength 

Elongatioe, 

Reaction 

content, 

PP«n 




hr 

°C 

MN/m 2 

ksl 

percent 

of tree, 
percent 



UDOtXT 700 - STANDARD HEAT TREATMENT (MATERIAL CONDITION 1) 


n 

Mn LrhmA 
iwicnw 

Argon 


160 

23 

kb 

221 





30 



Argon 

m 




23 

BB 

238 

— 

— 

B : 

31 



«2 


BBI 



23 

BB 

234 

— 

— 


23 



Argon 

1 

1 



675 

RSS 

218 

— 

— 


32 



«2 

H 

■ 



675 

1525 

221 

— 

— 

B 

16 

Smooth 

Argon 

■ 

: 



23 

1385 

201 

20 

22 


20 



H 2 

m 


102 

23 

1400 

203 

16 

16 

BTwfB 

6 



Argon 

m 

i 

100 

675 

1240 

180 

22 

25 

1 

17 



»2 

■ 

■ 

102 

675 

1240 

180 

21 

23 

BBB 


LUMET 700 - MODIFIED HEAT TREATMENT (MATERIAL CONDITION 2) 


mm 

Notched 

Argon 

■ 

B 

lOO 

23 

mm 

218 




BB 

1 

H 2 

B 

i: 



23 

BB 

214 


— 

131 

1 

Argon 

I 

1 



675 


197 

— 

— 

132 

I 

»2 

■ 

1 



675 

BB 

203 

— 



118 

Smooth 

Argon 


1 



23 

BB 

193 

26 

25 

122 

1 

h 2 


B 

102 

23 

■BB 

189 

19 

19 

123 

1 

Argon 

H 


100 

675 

1205 

175 

25 

24 

124 

? 

H 2 

1 

■ 

102 

675 

1195 

173 

26 

24 


LUMET 700 - COLD WORKED AND STANDARD HEAT TREATMENT (MATERIAL CONUTION 3) 


104 

Notched 

Argon 

0.1 

— 

100 

2 , 

1 

2095 

304 

__ 

___ 

111 



Argon 







2100 

305 

— 



112 



»2 







1925 

279 

— 

— 

52 



H 2 







1850 

268 

— 

— 

105 



Argon 





675 

1925 

279 





45 



«2 





675 

1880 

273 





103 

Smooth 

Argon 





23 

1870 

271 

6 

8 

107 



Argon 







1815 

263 

9 

10 

106 



»2 



102 



1795 

260 

6 

8 

37 

* 



h 2 



102 



1850 

268 

5 

7 




Argon 



100 

675 

1565 

227 

11 

22 

38 



«2 



102 

675 

1565 

227 

14 

24 


*Te»t not performed- data estimated from table IV. 
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TABLE V. - Concluded. 


Specimen 

Exposure conditions 

at 675° C 

Post- exposure tensile test in air f 

Number 

Type 

L'DLME 

Gas 

IT 700 - ; 

Pressure, 

MN/m 2 

EXTRlTnrn i 

Time, 

hr 

Dnumrn i 

Temperature, 

°c 

Strength 
MN/ m 2 kgi 

Elongation, 

percent 

Reduction 
of area, 
percent 


Notched 


Smooth Argon 
Smooth H 2 

UDIMET 700 

Notched Argon 

I 


EXTRUDED POWDER- \ QYO HEAT TREATMENT (MATERIAL CONDITION 5) 


Smooth Argon 
Smooth h n 


1780 

258 

1780 

258 

1545 

224 

1550 

225 

1580 

229 26 

1545 

224 22 




;><r 

-U 
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TABLE VI. - TEST RESULTS FOR SMOOTH SPECIMENS EXPOSED IN HYDROGEN OR AIR AT A 
CREEP STRESS OF 690 MN/m 2 , FOLLOWED BY TENSILE TESTING IN AIR AT 


23 u C (EVALUATION PROCEDURE C) 


Specimen 

number 



Exposure conditio nt 

3 

| Postr- exposure tensile test 

i 

Hydrogen 

Gas 

Pressure, 

. . 2 

Time, 

Creep 

Strength 

Elongation, 

Reduction 

content, 

ppm 


MN/m" 

hr 

strain, 

percent 

MN/m 2 

ksl 

percent 

of area, 
percent 



UDOtET 700 - STANDARD HEAT TREATMENT (MATERIAL CONDITION 1) 


<1 1400 

1.3 1260 

.2 1270 I 184 


HEAT TREATMENT (MATERIAL CONDITION 3> 




ODiMET 700 - MO 


m 

ra 

o.i 

117 


3.5 





200 

26 

24 

189 

15 

15 



UWMET 700 - COLD WORKED AND STANDARD HEAT TREATMENT (MATERIAL CONDITION 3) 


102 

Air 

0.1 

100 

< 

43 

"2 

3.5 

141 




270 

7 

11 


265 

2 

6 

60 


If DIME T 700 - EXTRUDED POWDER-STANDARD HEAT TREATMENT (MATERIAL CONDITION 4) 



Air 

0.1 


3.5 


QBE 


550 

225 

24 

32 


455 

211 

11 

15 

63 


UDIMET 700 - EXTRUDED POWDER- YOYO HEAT TREATMENT (MATERIAL CONDITION 5) 


93 

Air 

0.1 

100 

61 

»2 

3.5 

114 



227 

26 

25 


226 

12 

14 

66 


TABLE VU. - SI T ^ \Hi OF HYDROGEN EFFECTS DETERMINED IN THIS INVESTIGATION 

[x * >3 percent reduction in tensile strength; y = >10 percent decrease in reduction of area; 

- * Insignificant change in strength/ ductility; ND= not determined- insufficient quantity 
of material.] 


Material condition 



8td. H. T. (1) 

Mod. H. T. (2) 

Cold work (3) 

Powder + Std. H. T. (4) 
Powder ♦ YoYo H. T. (5) 


Evaluation procedure A 
(tensile test in hydrogen) 


Notched 


Evaluation procedure B Evaluation procedure C 

(Hg, exposure 675° C/100 hr) (Hg creep exposure, 675° C, 


Notched 


23° C 675° C 23° C 676° C 23° C 675° C 23° C 675° C 




690 MN/m stress) 


Smooth at 23° C 



OP nm 

Ji “«NAL , AG£ 
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Figure 1. - Effect of test temperature on tensile properties of Udimet 700 at hydrogen pressure 
of 31 to 52 MN/m {4500 to 7500 psi). Notched specimens; stress concentration factor K* - 8 


(ref. 1). 
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Figure l - Notch tensile strength of 
wrought Udimet 700 in 3. 5 MN/rrr 
hydrogen or ambient air at Zf C; 
stress concentration factor K t * 6 
(ref. 2). 
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Figure 3. - Test specimens used in this investigation. (All dimensions 
except threads in cm.) 
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(a) EVALUATION PROCEDURE A (TENSILE 
TESTING IN AIR OR HYDROGEN AT 
23P C). 



(b) EVALUATION PROCEDURE B (EX- 
POSURE AT 67P C/100 hr IN 
ARGON OR HYDROGEN. FOLLOWED 
BY TENSILE TESTING IN AIR AT 
23° C). 


Figure 4, - Effect of hydrogen evaluation procedures on room temperature notch tensile strength of Udimet 700 
material conditions. 
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09 ure 6. - Microstructure of as-received Udimet 7C0 alloy (material condition 1). 














Figure 9. - Scanning electron fractographs and qtffcal micrograph of 
Udimet 700 (material condition 2) ( tested in tigdrogen, 18 percent 
RA (evaluation procedure A). 







Figure 10. - Mfcrostructure of as-received Udimet 700 alloy with 50 percent cold wort 
(material condition 3). 
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Figure 15, - Scanning electron fractographs of Udimet 700 (material condition 5). 
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